Intact lyophilized nuclei and chromosomes were obtained from glioblastomas or brain, either in situ or in culture, by freezing at --156~ drying at --25~ and mechanical disassociation in glycerol at 2~ Nuclear or chromosomal isolation was accomplished in hygroscopic nonaqueous media of high density. The method gave homogeneous nuclear and chromosomal preparations in high yield with preservation of labile, water-soluble constituents and residual biosynthetic activity. Unique opportunities for quantitative cytochemical studies at the level of the subcellular organelle are made available by the method.
C
URRENT biological concepts of the role of the nucleus in cellular function are based almost exclusively on information obtainable by methods involving the treatment of ischemic tissue in an aqueous phase. Exposure of anoxic tissue to water as a preliminary to subcellular fractionation, or fixation and sectioning, results in serious and unavoidable distortion of the actual in vivo nuclear state. The ideal nuclear isolation method would minimize autolytic events secondary to anoxia, avoid extraction and cross-contamination of water soluble nuclear constituents, and yet retain sufficient morphological and biochemical integrity for independent study of nuclear metabolism, a In an effort to achieve this type of quantitative cytochemical information for neural tissue, Lowry and co-workers 2~ have developed a system of nuclear isolation consisting of dissection of lyophilized tissue sections under microscopic control. This method, though precise, is restricted to the isolation of nuclei from large nerve cells, e.g., dorsal root ganglion cells, and is necessarily of low yield. Attempts at bulk isolation of nuclei by nonaqueous methods have been described,Z,3, 26 but these find limited laboratory acceptance since the liquid phases used are destructive of both nuclear morphology and enzymatic activity2, r This report describes a new method for nonaqueous nuclear isolation, particularly suitable for the preparation of nuclei from normal and neoplastic neural tissue, with capabilities for further nuclear subfractionation to yield intact chromosomes. Clean lyophilized nuclei, retaining labile water-soluble constituents and residual enzymatic activity, can be isolated in high yield. This innovation in cellular "microneurosurgery" enables a unique quantitative cytochemical and mor-phological reappraisal of nuclear function in normal and malignant glial tissue. The results of preliminary experiments with these nuclear and chromosomal preparations are described.
Method
A complete description of the method as applied to tissues other than brain (cell culture included) has been given in a previous publication. 16 All nonaqueous subcellular fractionation procedures for nuclei are basically the same, and consist of: 1) tissue freezing and lyophilization, 2) cell comminution, and 3) nuclear resolution by either centrifugation in water-free organic media or microdissection from histological sections. Our method differs in several important technical respects from previously described bulk methods. Conditions for tissue freezing and lyophilization are similar to those of Lowry 19, 2~ for preparation of brain for microdissection or assays for labile substrates. Samples of brain or glioblastoma of 1 cm 3 volume are frozen immediately after separation from their blood supply in Freon-12 (CC12F2) chilled to its freezing point (-156~ by liquid nitrogen. Other freezing techniques, including liquid nitrogen alone or Dry Ice, have been tested and lead to considerable ice artifacts. Once frozen, tissue is never allowed to warm above --25~ with drying accomplished under rigidly controlled conditions (5~ Hg vacuum for 48 hours at --25~ with a P205 trap). Though water distillation will progress rapidly over the initial 24 hours, removal of an additional 2% to 3% of tightly bound cell water during the subsequent 24 hours of drying is essential for optimal nuclear liberation. Tissue brittleness appears to predispose to intracellular fracture at the nuclear-cytoplasmic junction, a phenomenon we first noted while microdissecting lyophilized nerve cells in the dry, winter climate of Denver. Dried samples are exceptionally hygroscopic and must be stored in vacuum with limited ambient exposure.
Cell disruption for nuclear or chromosome liberation is accomplished by shearing and sonicating suspensions of lyophilized material in chilled glycerol (2~ Two commercially available energy transducers have been found satisfactory for cell disruption in this highly viscous and hygroscopic suspending medium. The Polytron (Kinematica GMBH, Lucern, Switzerland, model PT10) or Sorvall Omni-mixer will liberate free nuclei from the vast majority of suspended brain or glioblastoma cells at power settings identical to those used for nuclear isolation from lyophilized hen erythrocytes, murine liver, and hepatoma tissue. 16 Since ceils in mitotic arrest are devoid of a nuclear envelope, chromosomes from cell cultures partially synchronized by double thymidine blockade 31 can be freed by the same shearing conditions as for nuclei. The diffusion and solubility of a wide variety of nuclear constituents (ATP, lactate, Na, +, K +) is negligible in glycerol or 3-chloropropanediol at 2~ The extent of cell breakage and nuclear or chromosomal liberation is monitored by either phase or bright field microscopy. It is remarkable how resistant lyophilized nuclei and chromosomes are to prolonged shearing forces in chilled glycerol.
Pellets of lyophilized nuclei or chromosomes are prepared by centrifugation, after layering the broken cell suspension in glycerol over an 85:15 by volume mixture of glycerol: 3-chloropropanediol at 2~ in a cellulose nitrate tube. Since the densities of lyophilized nuclei and chromosomes exceeds 1.33, and that of the glycerol:3-chloropropanediol mixture is 1.324 at 4~ nuclei and chromosomes sediment and other cytoplasmic components float with a single centrifugation (39,000 rev/min, Spinco SWL swinging bucket rotor, 30 min at 120,000 g, 4~
The viscous supernatant is removed with a No. 13 needle and tuberculin syringe. Lyophilized nuclei or chromosomes can be resuspended in 0.2 ml of chilled glycerol for either morphological or biochemical study. Approximately 90% of the DNA in the broken cell suspension is recovered in the nuclear pellet. Specific details of sample preparation for transmission or scanning electron microscopy, as well as biochemical study, have been given. 16
Results and Discussion
The usefulness of this nuclear and chromosomal isolation method can be appreciated by examining the information it provides. Several experiments performed with these nuclei are described below to demonstrate the wide variety of investigational ave-Nonaqueous nuclear and chromosomal isolation $ H=glycerol homogenate (broken cell suspension); C=supernatant after nuclear sedimentation, predominantly cytoplasm; N= isolated nuclear pellet.
w Nucleic acids assayed as described in ref. 16 and expressed as micrograms per milligram of homogenate, cytoplasmic, or nuclear protein_+S.E.M. Each value is an average of at least two separate determinations. ** Concentration of substrates expressed as millimicromoles per milligram of protein_+ S.E.M. when sufficient samples to qualify for latter calculation: ATP=adenosine triphosphate; P-Cr=phosphocreatine; G-6-P =glucose-6-phosphate. Substrates measured in the acid soluble pool (ref. 16 ) by the fluorimetric methods of of Lowry, et al. (ref. 22) . Each value is the average of at least three determinations, and in some cases more, of separate samples. *** Glucose and cation determinations not feasible on tissue culture samples because of incubation media. w167 Na + and K + determined by flame photometry and expressed as milliequivalents per gram of protein _+ S.E.M., with each value being the average of at least three determinations.
nues made available by the method. Lyophilized nuclear pellets prepared from several different tissue types satisfy accepted morphological and biochemical criteria for preparation purity, and upon rehydration at appropriate incubation conditions resume independent DNA and RNA synthetic activity. 1~ Murine brain has been assayed for levels of important biochemical constituents, including Na § and K + content, and results are given in Table  1 . These data clearly indicate the presence of significant electrolyte and substrate concentration gradients between nucleus and cytoplasm of cells of neural origin. Steady-state levels of important metabolites of the glycolytic pathway (glucose, ATP, lactate) are significantly higher in the cytoplasmic compartment of these immediately frozen cells, suggesting that this metabolic activity is predominently extranuclear in location. This is particularly true for both glioblastoma and hepatoma, malignant neoplasms with characteristieally high glycolytic rates. 15,~4 A fact of considerable interest is that the concentration of nuclear ATP in a variety of tissues (avian erythrocyte, murine liver and hepatoma, murine brain and glioblastoma) is appreciably lower than cytoplasmic levels? 6 Since the nucleus has an appreciable demand for nucleotide triphosphates to meet a heavy biosynthetic load, ATP generated in the cytoplasm either gains immediate access to the nuclear compartment, or some hitherto unrecognized nuclear energy reserve is functioning. It has been speculated that the latter may consist of rapidly turning over labile RNA species. 1,17
Many nuclear enzymes are water soluble and thus potentially extractable during the course of conventional aqueous nuclear preparative methods. 2~ DNA-dependent RNA polymerase is only one example of an important nuclear enzyme whose concentration can be altered by water exposure. This enzyme, considered to be localized to the chromosomal apparatus, plays an important role in the formulation of genetic messages, or the so-called "transcriptional" process. 28 Messenger RNA synthesized by this enzyme directs protein synthesis at the ribosomal level in the cytoplasm, the site where the genetic message is "translated. ''28 The DNAdependent RNA polymerase activity of glioblastoma nuclei prepared by our nonaqueous method has been compared to activity in nuclei prepared by the conventional aqueous method of Blobel and Potter 4 (Table 2). The enzymatic assay system of Pogo, ~ with endogenous nuclear DNA serving as a template for RNA synthesis, clearly demonstrates activity of the nonaqueous glioblastoma nuclei to be approximately sixteenfold greater than comparable aqueous preparations. Augmented RNA synthetic activity occurs despite the fact that the nuclear histone content is appreciably higher in nonaqueous nuclear preparations. Histones are watersoluble basic proteins, present in high concentration in the nucleus, whose biological significance is considered related to repression of DNA transcription to RNA22,29 A histone/DNA ratio of 1.16 was found for nuclei isolated by an aqueous technique, in comparison to 1.66 for control nuclei isolated by our nonaqueous method.
The distribution of cations between brain nuclei and cytoplasm indicates a significant intracellular concentration gradient for Na + and K § Other reported determinations of the intracellular distribution of electrolytes using nonaqueous nuclear isolation methods have shown that the nucleus is Na + rich in comparison to cytoplasm, but no clear-cut gradient for K § has previously been established. 1:~,~ s The ionic composition of nonaqueous nuclei from brain shows a nuclear cytoplasmic ratio for Na + of 1.7 and K + of 0.33. This high intranuclear concentration of Na + can be interpreted as indicating either that the nucleus has direct connections with the extracellular space, or preferential Na + binding to negatively charged nuclear constituents. ~7
Transmission and scanning electron micrographs confirm the purity of both nuclei and chromosomes isolated by the method (cover and Figs. 1-5 ). The nuclear envelope is generally considered to consist of two components: inner and outer nuclear membranes. 33 The outer nuclear membrane is contiguous with the endoplasmic reticulum of the cytoplasm and is difficult to remove by aqueous isolation methods, unless resort is taken to nuclear treatment with strong detergents. 4 Our nonaqueous method has the advantage of quantitatively removing outer membranes from nuclei considered difficult to isolate (neoplastic tissue, cell culture) 6 without resorting to treatments that are likely to produce additional morphological or solubilization artifacts.
Since preparations are isolated in the lyophilized state, examination by scanning electron microscopy is feasible. 1~ This advance in electron optics permits a detailed three-dimensional image of the surface structure and configuration of biological material at a resolution of 200 A with a field depth measured in microns. The biological applications of scanning electron microscopy have been directed primarily to the examination of tissue surface contours, yet its optical capabilities are ideal for examining the morphology of chromosomes. These fibrillar, intensely spiralized structures have longitudinal dimensions in the micron range and a diameter measurable in angstroms, a configuration imposing technical limitations to morphologic study by either light or transmission electron microscopy2 z As a result, considerable dispute exists regarding the wide variety of theoretical models proposed for the intermediate organization and structure of the N o n a q u e o u s n u c l e a r a n d c h r o m o s o m a l i s o l a t i o n Fro. 5. Transmission electron micrograph of lyophilized glioblastoma nuclei (cell culture) isolated by this nonaqueous method. Note absence of contaminating endoplasmic reticulum, prominent nucleoli, and intact inner nuclear membrane. • 8400. electron microscopy, is to the best of our knowledge the first three-dimensional visualization of the intermediate structure of chromosomes from neoplastic cells. It should be emphasized that the material has been fixed by rapid freezing and drying, exposed temporarily to glycerol and e-chlorohydrin, then coated with an atomic layer of gold prior to visualization. These manipulations must be considered gentle in comparison to aqueous methods requiring low pH or high concentration of metal ions for chromosome stabilization.
Our scanning electron micrographs indicate an ordered hierarchy of glioblastoma chromosome coiling corresponding to the model proposed by Kinosita TM for metaphase chromosomes of human lymphocytes, based on the reconstruction of serial ultrathin sections. Murine glioblastoma chromosomes, though quite variable in size, appear to be composed of a coiling hierarchy ordered in at least five different gyre-widths, superimposed one upon the other. Figure 6 clearly shows tightly packed coils for 2 ~ gyre-width progressing to a lower order of coiling with gyre-width of approximately 0.7 ~t. Figure 7 , at higher magnification, shows distinct coils of 0.3 ~ gyre-width, with minor coils of a gyre-width ranging from 250 to 
Conclusions
These preliminary studies demonstrate the diversity of the experimental possibilities afforded by this nonaqueous method of subcellular fractionation. Attempts to comprehend the molecular basis for coding and replication of genetic information, its transcription to R N A , and subsequent translation to specific proteins, in the organized and complex eukaryotic cell is clearly an arduous undertaking. These concepts as we know them today have developed from the study of relatively primitive bacterial and viral systems, and moreover have proven difficult to dissect and verify in the more complex eukaryotic cell. 11 Precise methods for nuclear fixation and isolation m a y provide the key for better understanding, and perhaps eventual control of these important macromolecular events in the nucleated normal and neoplastic glial cell.
